ABSTRACT An experiment was conducted to evaluate the effects of feeding laying hens grains naturally contaminated with a combination of Fusarium mycotoxins. Parameters measured included performance, organ weights, and plasma chemistry. One hundred and fortyfour, 45-wk-old laying hens were fed diets including: (1) control, (2) contaminated grains, and (3) contaminated grains + 0.2% polymeric glucomannan mycotoxin adsorbent (GMA) for a 12-wk period. The feeding of contaminated grains decreased feed consumption compared with controls in the first 4 wk. Feed consumption increased, however, from 4 to 8 wk and from 8 to 12 wk. The efficiency of feed utilization (feed consumption/egg mass) decreased compared with controls in the periods from 4 to 8 and from 8 to 12 wk when birds were fed contaminated
INTRODUCTION
Fusarium mycotoxicoses are a worldwide problem causing significant financial losses to animal industries. It is estimated that 25% of the world's crop production is contaminated to some extent with mycotoxins (KuiperGoodman, 1998) . Deoxynivalenol (DON) is a mycotoxin belonging to the trichothecene family that has been shown to cause necrosis, diarrhea, and emesis (Rotter et al., 1996) , as well as malabsorption of nutrients (Hunder et al., 1991) . Maresca et al. (2002) reported that low concentrations (<10 µmol/L) of DON in the digesta selectively modulated the activities of intestinal transporters. The principal mode of action of the trichothecenes is to inhibit protein synthesis by blocking the peptidyl transferase of 60S-ribosomal subunits (Feinberg and McLaughlin, 1989) .
Corn contaminated with 100 mg/kg zearalenone, a nontrichothecene Fusarium mycoestrogen, did not influence layer performance, fertility, or hatchability when fed to laying hens (Marks and Bacon, 1976) . Wheat contami-2004 Poultry Science Association, Inc. Received for publication April 9, 2004 . Accepted for publication July 13, 2004. 1 To whom correspondence should be addressed: tsmith@ uoguelph.ca.
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grains. Supplementation with GMA decreased feed consumption and increased the efficiency of feed utilization in the period from 8 to 12 wk. Egg production and egg mass decreased in wk 4 and 8 compared with controls when contaminated grains were fed, whereas egg and eggshell weights decreased in the fourth wk. Plasma uric acid concentrations increased throughout the experiment and relative kidney weights increased at the end of the experiment compared with controls when birds were fed contaminated grains. The feeding of GMA prevented the elevation in uric acid concentrations and relative kidney weights. It was concluded that layer performance and metabolism were adversely affected by chronic feeding of a combination of Fusarium mycotoxins, and that GMA prevented many of these effects. nated with DON did not influence layer performance when birds were fed diets containing 5 mg/kg DON (Hamilton et al., 1985) , or 18 mg/kg DON until the onset of lay and subsequently over 28 d of the laying period (Kubena et al., 1987) . Feeding of corn naturally contaminated with 2 to 3 mg/kg DON and 0.4 to 0.6 mg/kg zearalenone did not cause any adverse effect on layer performance (Keshavarz, 1993) . It was, however, reported that feeding a corn-based diet containing 17.6 mg/kg DON and 1.6 mg/kg zearalenone adversely influenced performance of hens (Danicke et al., 2002) . Production losses observed under field conditions using corn contaminated with 10 mg/kg DON might have been due to the higher level of DON, or to a synergistic effect between DON and other mycotoxins (Keshavarz, 1993) . Field outbreaks of mycotoxicoses are sometimes difficult to explain (Williams et al., 1992) . A thorough analysis of contaminated diets for all known mycotoxins may not resolve the issue. This situation can be attributed to the interaction of unidentified mycotoxins with known mycotoxins. It was therefore hypothesized that feeding blends of grains (corn and wheat) naturally contaminated with Fusarium mycotoxins may increase the severity of the mycotoxicoses compared with the feeding of either corn or wheat.
Polymeric mycotoxin adsorbents have been reported to prevent the deleterious effects of mycotoxins by reducing intestinal absorption of mycotoxins and preventing subsequent transport to target tissues (Ramos et al., 1996) . A polymeric glucomannan mycotoxin adsorbent (GMA) has been shown to prevent Fusarium mycotoxicoses in broilers (Swamy et al., 2002) . The objectives of the current study were to investigate the effects of feeding blends of grains naturally contaminated with Fusarium mycotoxins on performance and metabolism of laying hens. The efficacy of GMA in preventing Fusarium mycotoxicoses was also determined.
MATERIALS AND METHODS

Experimental Design
One hundred and forty-four 45-wk-old ISA Brown laying hens were fed corn, wheat, and soybean meal-based mash diets including: (1) control, (2) contaminated grains, and (3) contaminated grains + 0.2% GMA 2 for 12 wk (Table 1) . Nutrient concentrations in the control diet met or exceeded minimum requirements according to the National Research Council (1994) . The mycotoxin-contaminated diets were formulated to the nutrient specifications of the control diet by replacing corn and wheat in the control diet with contaminated grains. Diets were isoenergetic and isonitrogenous. Twelve replicates were randomly assigned to each of the 3 diets. Each diet was fed to 48 birds (4 birds per replicate). Birds were housed in individual cages in an environmentally controlled room maintained at 21°C and were provided with 15 h light daily. Feed and water were provided ad libitum. Representative feed samples were taken at the beginning of the experiment for nutrient and mycotoxin analyses. Dry matter, CP, energy, calcium, and phosphorus content of the diets were analyzed according to AOAC (AOAC, 1980) . The project was approved by the University of Guelph Animal Care Committee and met the guidelines of the Canadian Council on Animal Care.
Enumeration of Yeasts and Molds in the Diet
Diets were analyzed for enumeration of viable yeasts and molds according to methods of AOAC (1990) .
Analysis of Dietary Mycotoxins
Dietary contents of DON, 3-acetyl-DON, 15-acetyl-DON, nivalenol, T-2 toxin, iso T-2 toxin, acetyl-T-2 toxin, 2 Mycosorb, Alltech Inc., Nicholasville, KY. HT-2 toxin, T-2 triol, T-2 tetraol, fusarenon-X, diacetoxyscirpenol, scirpentriol, 15-acetoxyscirpentriol, neosolaniol, zearalenone, zearalenol, aflatoxin, and fumonisin were analyzed by gas chromatography and mass spectrometry at the Veterinary Diagnostic Laboratory, North Dakota State University, Fargo, ND (Raymond et al., 2003) . Fusaric acid was determined by the HPLC method of Matsui and Watanabe (1988) as modified by Smith and Sousadias (1993) and confirmed by Porter et al. (1995) .
Experimental Parameters Measured
Each group of 4 birds in adjacent cages with a common feeder was considered an experimental unit. Feed consumption was recorded for each 4-wk period of the 12-wk experiment.
Egg Parameters
Daily egg production was recorded throughout the experiment. Eggs were collected from all birds on d 28, 56, and 84 of feeding; egg weight, shell deformation, albumen height, yolk weight, shell weight, and shell thickness were determined. Shell deformation was expressed as a mean value of 2 measurements on the equator of the egg using a shell deformation measuring instrument (Summers et al., 1976) . Eggs were subsequently broken to determine albumen height and yolk weight. Yolk weight was determined after rolling the yolk on surgical gauze to remove adhering albumen. Haugh units were calculated using the Haugh unit formula (Eisen et al., 1962) based on the height of albumen as determined using a micrometer, Ames S-6428.
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Shells with membranes were rinsed with warm water, dried at 60°C overnight, cooled, and weighed. Shell thickness was determined as a mean of measurements at 3 locations on the egg (air cell, equator, and sharp end) using a shell thickness measuring gauge (Ames 25M-5).
Body Weight and Tissue Parameters
Body weights were measured at the beginning and end of the experiment.
At the end of the experiment, following weighing, 12 birds per treatment were killed by instantaneous cervical dislocation. Liver, spleen, and kidney were excised and weighed.
Plasma Chemistry
At the end of d 28, 56, and 84 d, blood samples (1 mL per bird) were collected from the jugular vein in Vacutainer tubes containing sodium heparin for plasma chemistry determination. Plasma concentrations of total protein, albumin, globulins, glucose, uric acid, cholesterol, bilirubin, calcium, phosphorus, and activities of amylase, lipase, lactate dehydrogenase, aspartate aminotransferase, gamma glutamyltransferase, and creatine kinase were determined using a Hitachi 911 autoanalyzer. 
Statistical Analyses
Data were analyzed by ANOVA using the GLM procedure of SAS as a completely randomized design with subsampling (Kuehl, 1994; SAS Institute, 2000) . Body weights were used as covariate for organ weights. Preplanned contrasts were used to determine the nature of responses exhibited by different parameters to control and contaminated diets (Kuehl, 1994) . The efficacy of supplemental GMA was determined by employing a contrast between contaminated diets with and without GMA. Statements of statistical significance were based on P ≤ 0.05.
RESULTS
Enumeration of Fungus and Mycotoxin Concentrations in Diets
Yeasts and molds were not detectable in the diets (<5 cfu/g). Dietary concentrations of DON, 15-acetyl-DON, fusaric acid, and zearalenone are given in Table 1 . Mycotoxins other than these were below the limit of detection. The limits of detection were 0.02 mg/kg for aflatoxin, 2 mg/kg for fumonisin, 0.77 mg/kg for fusaric acid, and 0.2 mg/kg for the remainder of the compounds measured.
Feed Consumption and Feed Efficiency
The feeding of contaminated grains decreased feed consumption (P < 0.05) compared with controls in the first 4 wk. Feed intake, however, increased (P < 0.05) from 4 to 8 wk and from 8 to 12 wk ( Table 2) . Supplementation of contaminated grains with GMA decreased feed consumption compared with unsupplemented contaminated grains (P < 0.05) from 8 to 12 wk. The efficiency of feed use decreased (P < 0.05) when birds were fed contaminated grains compared with controls from 4 to 8 wk and from 8 to 12 wk. Supplementation of contaminated grains with GMA increased the efficiency of feed use (P < 0.05) from 8 to 12 wk.
Organ Weights
The feeding of contaminated grains increased (P < 0.05) relative kidney weights (BW used as covariate) compared with controls (Table 3) , whereas GMA prevented this effect. There were no effects on relative liver and spleen weights. Feed consumption/egg mass.
Egg Parameters
Egg production and egg mass decreased in wk 4 and 8 (P < 0.05) compared with controls when birds were fed contaminated grains (Table 4) . Supplementation with GMA increased (P < 0.01) egg production and egg mass in the fourth week. There were no differences among treatments in egg production and egg mass in wk 12. The feeding of contaminated grains decreased (P < 0.05) egg weight compared with controls in the fourth week. There were no differences among treatments in wk 8 and 12. The feeding of contaminated grains decreased (P < 0.05) yolk weights compared with controls throughout the experiment, whereas supplementation with GMA increased yolk weights (P < 0.05) in wk 8 and 12. Eggshell weights decreased (P < 0.05) compared with controls in the fourth week when birds were fed contaminated grains, whereas supplementation with GMA prevented the reduction in eggshell weight (P < 0.05). There was no effect of diets on albumen height, Haugh units, eggshell thickness, or eggshell deformation (data not shown).
Plasma Chemistry
Plasma glucose concentrations decreased (P < 0.05) in wk 12 compared with controls when birds were fed con- taminated grains (Table 5) . Supplementation with GMA prevented (P < 0.05) this decrease. The feeding of contaminated grains decreased (P < 0.05) albumin concentrations and the ratio of albumin to globulin compared with controls throughout the experimental period, whereas supplemental GMA did not affect these parameters. Plasma cholesterol concentration decreased (P < 0.05) in the fourth week compared with controls when birds were fed contaminated grains. Supplementation with GMA did not alter this effect. The feeding of contaminated grains increased plasma uric acid concentrations (P < 0.05) compared with controls throughout the experiment; supplemental GMA prevented (P < 0.05) this effect. Plasma calcium concentrations decreased (P < 0.05) in the fourth week of feeding contaminated grains compared with controls. The activities of plasma γ-glutamyl transferase and amylase decreased (P < 0.05) in the fourth week compared with controls when birds were fed contaminated grains (Table 6 ). Supplementation with GMA prevented this decrease in amylase activity (P < 0.05).
DISCUSSION
Dietary Mycotoxin Content
It is unlikely that residual fungal spores had an effect on layer performance and metabolism because fungal Egg mass = (% egg production × egg wt)/100. spores were not detected in diet samples. In the control diet, DON, 15 acetyl-DON, and zearalenone concentrations were below the limit of detection. Fusaric acid concentration was 18 mg/kg in the control diet but was not detectable in the diets containing contaminated grains. Chu et al. (1993) reported that 150 mg/kg of fusaric acid did not adversely affect growth or feed consumption, or increase the incidence of skeletal problems in broiler chicks. Deoxynivalenol concentration in the diet containing contaminated grains (12.1 mg/kg) was similar to the concentration in the diet containing contaminated grains + GMA (11.7 mg/kg). Two other mycotoxins, 15 acetyl-DON and zearalenone, were detected as minor components in diets containing contaminated grains. The concentrations of zearalenone detected likely had little adverse effect on laying performance. Marks and Bacon (1976) reported that the feeding of corn contaminated with 100 mg/kg zearalenone had no effect on layer performance. Unidentified mycotoxins and their metabolites might, however, contribute additive or synergistic effects to mycotoxicoses.
Laying Hen Performance
The reduced performance of hens fed contaminated grains in the current study is similar to that reported by Danicke et al. (2002) but contrasts with earlier reports (Lun et al., 1986; Kubena et al., 1987) . The reason for this discrepancy may be because earlier studies used the feeding of artificially contaminated grain or used a single source of contaminated grain. The use of a blend of naturally contaminated grains in the current study would increase the potential for toxicological synergies arising from interactions between multiple mycotoxins (Smith et al., 1997) . The reduction in the efficiency of feed use seen in the later phases of the experiment was likely due to increased feed consumption coupled with decreased egg production. Decreased eggshell weights may have been due to decreased plasma calcium concentrations. It is also possible that DON decreased nutrient absorption in the intestinal tract. Manganese and molybdenum content in liver tissue was reduced when 10 mg/kg DON was fed to mice (Hunder et al., 1991) . 
Plasma Chemistry
The observed decrease in plasma glucose concentrations in the last month of feeding contaminated grains may have been due to gradual development of liver disease or overproduction of insulin. Chickens have been generally characterized as being insulin-insensitive (Simon, 1989) . It has been shown that 10 mg/kg DON caused malabsorption of glucose from the intestine of mice (Hunder et al., 1991) . Trichothecene mycotoxins inhibit protein synthesis. Excess amino acids may be used for energy purposes as well as maintenance of blood glucose concentration. Inefficiency in gluconeogenesis may have caused lower glucose concentrations. The decreased plasma amylase activity in the first week of feeding contaminated grains might be due to protein inhibition in the liver. Brost (1989) revealed that the amylase normally present in plasma is not of pancreatic origin. Only those elevated amounts that appear in the blood under pathological conditions are considered to be from the pancreas. The liver is thought to be one of the sources of plasma amylase (Brost, 1989) . Decreased albumin concentrations when birds were fed contaminated grains might have been due to decreased protein synthesis. Maresca et al. (2002) suggested that inhibition of protein synthesis and induction of apoptosis are the main mechanisms of DON toxicity in human intestinal cells. The reduction of the ratio of plasma concentrations of albumin to globulin was due to decreased albumin concentrations.
Plasma γ-glutamyl transferase activity is an indicator of liver damage. Kubena et al. (1987) found that γ-glutamyl transferase activity increased significantly in hens fed a The decreased activity of γ-glutamyl transferase in the current study was consistent with the results of Danicke et al. (2002) . The feeding of Fusarium mycotoxins might have decreased plasma γ-glutamyl transferase activity by inhibiting hepatic protein synthesis. Increased relative kidney weights as well as plasma uric acid concentrations were likely an indication of renal damage when birds were chronically exposed to Fusarium mycotoxins. It appeared that the kidney was a target organ for the Fusarium mycotoxins in the laying hen. It has been shown that T-2 toxin inhibits hepatic protein synthesis, causing aminoacidemia (Meloche and Smith, 1995) . The principal mode of action of trichothecenes mycotoxins is to inhibit protein synthesis by blocking peptidyl transferase activity in the 60S-ribosomal subunit (Feinberg and McLaughlin, 1989) . There may have been, therefore, increased degradation of free amino acids for energy use leading to increased uric acid synthesis. Excess plasma uric acid may have resulted in the increase in relative kidney weights which could lead to altered renal filtration and reabsorption rates.
Mycotoxin Adsorbent
Many strategies have been investigated to prevent mycotoxicoses, including biological, chemical, and physical methods. The feeding of nonnutritive mycotoxin adsorbent has been shown to be particularly effective (Ramos et al., 1996) . In the current study, the feeding of GMA prevented many, but not all, adverse effects arising from the feeding of contaminated grains to laying hens. This represents a useful strategy for preventing the economic consequences of feedborne mycotoxins.
In conclusion, this study indicated that laying hens are susceptible to the feeding of blends of grains naturally contaminated with Fusarium mycotoxins. The feeding of grains naturally contaminated with Fusarium mycotoxins to laying hens should be minimized. It was concluded that laying hens are susceptible to chronic exposure to combinations of Fusarium mycotoxins and supplemental dietary GMA can prevent many of the adverse effects.
